Abstract-In this letter, a novel dipole antenna based on substrate integrated waveguides (SIWs) is presented. The dipole antenna radiates through the equivalent magnetic current loops on the top and bottom annular ring slot that is excited by the fundamental mode of the SIW cavity. Therefore, the proposed dipole possesses a vertical polarization perpendicular to the metallic plane. Moreover, thanks to normal electric field, the proposed dipole is less affected by the ground plane size and surrounding metal. The proposed antenna topology provides a very easy way to realize vertical dipole antenna by just using planar circuits and is promising to be used as a fundamental element to realize antenna arrays.
I. INTRODUCTION

D
IPOLE antennas are the fundamental elements of antenna families [1] . Conventional ways of their realization are to use wires located in the free space and impose time-varying currents on them. Accordingly, the radiating characteristics of dipole antennas can be calculated analytically through the freespace Green's function, and the radiation patterns are shown to be well-known donut shapes. In addition, the polarization of a dipole antenna corresponds to the orientation of the wire.
Modern portable wireless communication devices, however, highly demand the ease of integration of antennas. As a consequence, printed antennas of low profiles are widely used in wireless handsets since they can be easily integrated with RF front ends. For instance, planar inverted-F antennas (PIFAs) are one of the most commonly used printed antennas nowadays in wireless applications, including cell phones, laptops, tablets, and vehicles [2] . The radiation mechanism of PIFAs pertains to that of a quarter-wavelength monopole antenna. Therefore, the polarization of such planar antennas is horizontal, i.e., parallel to the plane where the printed antenna is located.
It has been reported in the literature that microstrip patch antennas can be used to realize monopole-like radiation patterns [3] - [6] . However, these antennas usually need coaxial feeds to excite the correct higher-order modes in order to generate the desired monopole radiation patterns. It is also difficult for these approaches to produce dipole-like patterns due to the use of coaxial feeds and ground plane. On the other hand, substrate integrated waveguides (SIWs) offer a great solution to realize waveguide-like structures in printed circuits with simple feeding networks and low cost. It is reported that SIW antenna with ring slots loaded can provide circular polarizations [7] , [8] .
In this letter, a simple but useful approach to generate vertical dipole patterns using SIW structures is presented. The annular slot rings loaded on the top and bottom side of an SIW cavity are excited at the waveguide cavity's fundamental mode . The resulting equivalent magnetic current will create a dipolelike pattern in the free space. The radiating mechanism will be explained analytically; the simulated and measured results of the proposed antenna show a great agreement. Such antennas are promising to be further used in low-profile planar antenna arrays with the needs of vertical polarization. Potential applications for the proposed antenna can be its use as external drop-in antennas for mobile devices or PCs. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the SIW cavity. The electric field distribution of the SIW cavity is plotted in Fig. 2 . The cavity is excited at its fundamental mode ( -like mode), which can be observed from Fig. 2(a) . It is noted that the -fields on the annular ring slots on the top and bottom layers are oriented at opposite directions as shown in Fig. 2(b) and (c). However, since the normal vectors of the top and bottom surface are also opposite, the equivalent magnetic currents, i.e., , will flow in the same directions both on the top and bottom layers.
II. ANTENNA TOPOLOGY AND THEORY
A. Antenna Topology
B. Radiated Fields
To find the fields radiated by the proposed magnetic-currentloop-induced dipole antenna, we start from the vector potential for a magnetic current source as follows [1] , referring to Fig. 3 : (1) where is the free-space propagation constant.
It can be shown that the vector potential only has angular component, and in the far-field region, (1) can be simplified to (2) where is the Bessel function of the first kind of order one. Using the far-field relation such that and , where is the free-space wave impedance, we can then obtain the electric and magnetic fields in the far field Equation (3) can also be verified through the duality theorem of a uniform current-loop antenna [1] . The radiation intensity of the antenna can then be obtained from (3d) as (4) In order to verify the theoretical analysis for the proposed antenna, a full-wave simulation using the commercial electromagnetic (EM) simulator CST has been carried out. In the EM simulation, the dielectric constant of the substrate is 2.2, and the dimensions of the antenna as given in Fig. 1 are mm, mm, mm, mm, mm. The simulated result of the normalized copolarization pattern at the -plane cut depicted in Fig. 1(a) is compared to the theoretical radiation pattern using (4) . In this case, is chosen to be equal to the average of and , which is 2.95 mm or 0.16225 , where is the free-space wavelength of the center frequency 16.5 GHz of the antenna. The results are plotted in Fig. 4 , and as one can observe, the agreement between the theory and EM simulation is very good, thereby confirming the proposed analysis for the antenna serves as a great approximation to find the radiated fields.
III. SIMULATIONS AND EXPERIMENTAL VERIFICATIONS
In order to further validate the proposed idea, prototypes of the antennas are fabricated and the experimental data are compared to the simulated results.
A. Single Element
The single element of the proposed magnetic-current-loop antenna has the same dimensions described in Section II. The substrate we use here is RT/Duroid 5880 with a thickness of 1.575 mm and a dielectric constant of 2.2. Fig. 5 illustrates the simulated 3-D radiation pattern of the antenna, clearly demonstrating a well-known donut-like shape that an electric dipole exhibits. The simulated gain of the antenna reads 2.75 dBi, and the simulated radiation efficiency including the matching effect is around 86%. The fabricated prototype of a single-element antenna is shown in Fig. 6(a) and (b) ; it is noted that solder is attached on top and bottom sides to ensure a good contact of vias of the SIW cavity. The return loss of the proposed antenna is measured and compared to the full-wave EM simulation as shown in Fig. 6(c) . The dip of the shifted slightly from 16.5 to 16.65 GHz in the measurement, showing the return loss is around 13 dB at the center frequency. It is worth mentioning that the center frequency of the proposed antenna is in fact higher than that of an SIW cavity with the same dimensions but without the annular ring slots. This is because the capacitance of the cavity resonator decreases when some the metal is removed from the top and bottom in the antenna's case.
The radiation patterns of the antenna have also been measured and compared to the simulation as shown in Fig. 7 . In the horizontal cut ( -plane), the antenna exhibits nearly an omnidirectional pattern as expected; the magnitude of cross polarization is around 20 dB less than the copolarization. In the vertical plane ( -plane), the copolarization exhibits a donut-like pattern and has a null in the broadside. The cross-polarization level, however, appears higher in the measurement; this might be because the magnitude of the tangential -field on the annular slot is not uniform and therefore cannot cancel well in the far field.
B. Array
Utilizing the proposed single element, we can realize an antenna array with a higher directivity. Fig. 8 shows the simulated 3-D radiation pattern of a four-element array with the elements side by side and excited with the same amplitude and phase. The simulated gain is around 11.1 dBi, and the simulated radiation efficiency is around 84%.
The prototype of a four-element array has also been fabricated using the same substrate and is shown in Fig. 9 . A one-tofour power divider is used to equally excite each of the elements. Fig. 10 compares the simulated and measured return loss of the antenna array, indicating a frequency shift in the measurement of the center frequency from 16.5 to 16.8 GHz, which may be due to the handmade fabrication inaccuracy. The horizontal cut of the radiation pattern of the four-element array is shown in Fig. 11 , indicating the array has a main beam of 10 dB gain. In addition, the cross-polarization level is around 20 dB less than the copolarization.
C. Mutual Coupling
The mutual coupling effect between the antenna elements has also been studied. Fig. 12 shows the fabricated two-element antennas side by side. The -parameters of the two-element antenna are plotted in Fig. 13 . There is some frequency shift between the simulation and measurement, which might be due to handmade fabrication errors; the measured of the two elements is around 17 dB, showing a reasonably good isolation between the two elements.
IV. TOP METAL AND GROUND EFFECT
Another advantage of the proposed antenna is that it is less sensitive to the surrounding metal as well as the size of the ground plane. The reason is because the -field is oriented vertically and normal to the metal surfaces; therefore, it will not change the antenna's boundary condition as depicted in Fig. 14 . To compare, we fabricate another antenna with a larger metal on both of the top and bottom layers as shown in Fig. 15 . The radiation patterns are plotted in Fig. 16 in comparison to the one with smaller ground plane as shown in Fig. 6 . It can be observed that changing the metal size on the top and bottom layers does not have much effect on the radiation patterns.
V. CONCLUSION
A novel magnetic current loop-induced electric dipole is presented. The proposed antenna has a vertical polarization of -field that is usually not available for low-profile printed antennas. A four-element array based on the proposed antenna is demonstrated to realize a high gain. In addition, we show that due to the -field distribution, the proposed antenna is less sensitive to the surrounding metal and the ground plane. The proposed magnetic-current-loop dipole antenna is promising to be further used to build other types of antennas that use dipoles as fundamental elements. In addition, its potential applications can be external drop-in antennas for mobile devices.
